The electron temperature of each subband is the key to understanding the characteristics of quantum cascade lasers (QCLs). We show herein a method, based on the particle swarm optimization algorithm, to obtain the electron temperature of the conduction band in the active region of QCLs. Accurate subband electron temperatures at room temperature, low temperature, and under various external electric fields are obtained. Furthermore, we discuss the variation and distribution of subband electron temperature that occurs during the operation of QCLs. The laser gain and I-V curves are obtained from the subband electron temperature. A comparison of these results with experimental results confirms that consideration of the subband electron temperature can improve our understanding of QCLs.
Introduction
For many years, mid-infrared (MIR) lasers have attracted substantial attention in terms of both research and applications. Quantum cascade lasers (QCLs) [1] play an important role in existing coherent MIR sources, mainly because of their advantages such as high power, narrow linewidth, and room-temperature operation. Particular interest for QCLs is the possibility to tailor their wavelength by energy-band design [2] , [3] . Studying the characteristics of QCLs will thus help to further develop their application potential, and numerical computation has become a common and effective method to do this [4] , [5] . For unipolar laser devices, the carrier temperature is an important parameter because it reflects the carrier distribution [6] , [7] , which in turn affects the QCL output amplitude and wavelength [8] .
In most numerical models, the carrier temperature refers to the electron temperature [9] ; however, in previous research, we clearly distinguished the effect of electron temperature on QCL properties from that of lattice temperature [10] . As a result, experiments were conducted to evaluate the electron temperature [11] , [12] . However, the electronic temperature is a parameter to describe the thermal state of electrons, which includes the number of electrons, the kinetic energy of electrons, and the state of electrons and so on. So the electron temperature of each subband must not be the same, and it has been approximately measured [13] . In practice, accurately estimating the characteristics of QCLs by measuring the electron temperature is difficult because the electron temperature of each subband in the active region of QCLs is not consistent and the temperature determines the distribution and state of the electrons in each subband, which in turn directly affects the QCL characteristics. Therefore, obtaining the electron temperature of each subband separately is likely to be the key to understanding the characteristics of QCLs.
The particle swarm optimization [14] algorithm was originally developed by imitating the behavior of a swarm of bees, a flock of birds, or a shoal of fish searching for food. The advantage of particle swarm optimization is that it can optimize multiple parameters at the same time, while controlling optimization efficiency by setting the number of particles and the velocity of particle motion so that optimization results are obtained after several iterations [15] . Monte Carlo approach [16] is also a means of implementation, but it needs to generate a certain probability distribution of random numbers. In contrast, particle swarm optimization is suitable for optimizing the electron temperature of each subband of QCLs.
In this Letter, we present a method for accurately and simultaneously determining the electron temperature for each subband in the active region of a QCL. We confirm the electron temperature of each subband under different external electric fields and confirm the relationship between lattice temperature and electron temperature. We also study how electron temperature in each subband affects the carrier distribution and QCL characteristics. An accurate QCL carrier distribution is obtained by investigating the subband electron temperature of QCLs, which greatly improves the accuracy of research into QCL characteristics and provides guidance for the application of QCLs. At the same time, this approach also allows for simultaneous optimization of multiple QCL parameters, which promotes the development of self-designed QCL applications.
Numerical Approach
We use a numerical approach to study the subband electron temperature in a QCL structure. Our numerical simulation is based on our extended 1 1 / 2 -period model [5] , in which we consider how optical emission influences the QCL characteristics, because optical emission affects the electron distribution of each subband, and the electron distribution of each subband is closely related to the electron temperature of each subband. The full rate equation is the key to the model, and we must rely on it to obtain accurate QCL characteristics. The full rate equations (FREs) are.
We call Eqs. (1)- (3) the partial rate equations (PREs), and the influence of optical emission is reflected mainly in Eq. (4). According to the derivation of Fermi's golden rule [17] , the stimulated emission rate between two subbands is
and the spontaneous emission rate is
When the electron temperatures of the various subband differ, we obtain the stimulated emission rate between the two subbands and the electron distribution of each subband. We then modify the energy levels and QCL characteristics, without being limited by the QCL operation mode. According to Harrison's energy-balance method [7] in the steady state, the change in the total electron kinetic energy in one QCL subband is zero. We can express this energy conservation by equating the sum of the potential energy and kinetic energy in the final state with the sum of the potential energy, kinetic energy, and energy gain and loss by phonon emission and absorption in the initial state. However, the energy of each subband can be conserved given a different electron temperature for each subband. We can describe this as follows:
The equation (7) shows that the total rate of net kinetic energy gain. Among the three scattering mechanisms mentioned, the intersubband transition in an MIR QCL is primarily dependent on the electron-phonon scattering; the intrasubband electron-electron scattering does not change the total kinetic energy in the QCL; and photon-electron scattering only leads to a vertical transition without any change in the total electron kinetic energy, ignoring the photon momentum. Therefore, the summation in equation (7) actually includes only the phonon-electron scattering, which greatly simplifies the complex computation to calculate the subband electron temperature T ei .
We use 300 particles to optimize the electron temperature of seven subbands at the same time. We define the dimension of each particle as the number of subbands. Search space is the space of electron temperature change. We set the range of 30-600 K. Velocity determines the direction and speed of particles, and the range we set is 1-25 K. The initial value is randomly generated in the search space, which contains the position and velocity of each particle. Then we obtain the electron temperature of each subband by solving the FREs. The optimum value is chosen from 300 particles and recorded for subsequent calculation. The velocity and position of each particle is updated according to the equation (8) .
The inertial weight is ω, as shown in equation 9. The inertial weight is a coefficient used to maintain velocity. In order to prevent falling into local optimum, the inertial weight is usually set to decrease linearly.
Using the updated velocity and position, the FREs are solved again, and the criteria are compared to achieve a new round of iteration. As shown in equation 10. After several iterations, 300 particles will quickly approach the optimal solution of electron temperature of each subband. (1)- (10). We now discuss the algorithm for solving the FREs given the temperatures of the various electron subbands. As indicated in Fig. 1 , we set the lattice temperature T l according to the QCL working environment, which can limit the range of initial electron temperature T ei for each subband. In this Letter, we mainly discuss the state at room temperature (300 K) and that at low temperature (80 K). At the same time, we need to set some important parameters, such as materials, structures, and external-electric-field intensity of the QCL. First, the scattering time and electron distribution of each subband are determined by solving the PREs; these results are not modified. The electron distribution can then be used to initialize the direction and velocity of particle motion for the first iteration, and the electron temperature of each subband may be modified for the first iteration. We obtain the new scattering time and electron distribution of each subband by solving the FREs and applying conservation of energy, and then we again optimize the electron temperature. After several iterations, we obtain the optimal electron temperature, the scattering time, and the electron distribution of each subband, and then use these results to optimize the QCL characteristics. In this numerical calculation, the electron temperature of each subband is optimized simultaneously in its own dimension because of the synchronous updating of the particle velocity, which greatly improves the calculation speed. Compared with the algorithm from Ref. [10] , which distinguishes between electron temperature and lattice temperature, the computational speed increases sevenfold. 
Simulation and Experiment
In this simulation, the laser is a standard 35-stage In 0.52 Al 0.48 As/In 0.53 Ga 0.47 As type-I four-level Fabry-Perot QCL based on a two-phonon-resonance design [18] . Current injection efficiency is the ratio of current to total current injected into the upper subband of the QCL in the active region, which is close to 56%. The QCL total optical loss is assumed to be 23.3 cm-1, including 14.3 cm-1 waveguide loss [18] and 9 cm-1 mirror loss for waveguide refractive index of 3.4 [19] . Fig. 2 shows the calculated electrical potential and the electron spatial probability distribution for each subband in the active region and in the two injection regions for a bias electrical field of 50 kV/cm. The active region is sandwiched between the two injection regions. There are seven confined subbands in each region, and subbands A i , Ii, and I ' i for the active region and two adjacent injection regions, respectively. The band gap between the two laser subbands A 3 and A 4 is 0.159 eV, which corresponds to the central wavelength of the QCL of 7.81 μm. The wavelength range corresponds to the simulation results, and the simulation results are helpful for the accurate selection of all-optical modulation wavelength of QCLs.
To increase the number of inverted laser particles in QCLs designed for two-phonon resonance, the rapid transfer of electrons out of the lower laser subband A 3 by electron-phonon scattering requires a one-phonon energy difference between subbands (i) A 3 and A 2 and (ii) A 2 and A1. Most of the electrons transfer to the upper laser subband A 4 and to the higher subbands A 5 -A 7 , which affects the characteristics of the QCL. The electron temperature and the change in electron temperature of each subband is the key to accurate determination of the electron distribution of each subband. The simulation provides the electron temperature of each subband in the active region of the QCL. The solid black line (dotted red line) in Fig. 3 shows the electron temperature of each subband of the QCL at 80 K (300 K). This simulation uses 300 particles, and the error in 100 optimizations is less than 5 K. The external electric field is 50 kV/cm and the QCL is operated above the threshold current for lasing. The result is that the electron temperature of the QCL is greater than the lattice temperature, and the electron temperature of each subband of the room-temperature QCL is greater than that for a low-temperature QCL (150-200 K). This result is attributed to the lattice temperature, which determines the initial electron temperature of the QCL. Upon increasing the external electric field, the electron temperature of the QCL increases; however, when the QCL begins to radiate, the electron temperature of the upper laser subband A 4 decreases. The same result occurs when the QCL is at low temperature or room temperature. The QCL optical radiation can reduce the electron temperature [10] because the thermal energy is released by being transformed into optical radiation. Most electrons in subband A 4 are in the ground state (i.e., a low-k state), so this process is little affected by the QCL operating temperature. Note that the electron temperature of subband A 2 is less than that of A 3 with the QCL at low temperature, but the opposite occurs at room temperature. This means that the electron energy is easily released by electron-phonon scattering at low temperature, and that the transition efficiency from the lower laser subband A 3 to subband A 2 is greater than at room temperature. This also explains why the threshold current of a given QCL at low temperature is usually less than that at room temperature.
We also study the electron temperature of each subband under different external electric fields. When the lattice temperature is set to 300 K, the QCL can operate below, near, or above the threshold current. As shown in Fig. 4 , we obtain the electron temperature of each subband separately. The electron temperature increases with the increase of injection current, but the changes of electron temperature in each subband are quite different. We believe that when the laser works stably, the change of electron temperature is a dynamic equilibrium process. The electron temperature will transfer excess heat through the increase of lattice temperature, and the lattice temperature will be stabilized by the refrigeration device. Therefore, it is reasonable for the electron temperature to rise immediately. When the external electric field is below the threshold level, the electron temperature of each subband is the same as the lattice temperature. The electron temperature of subbands A 1 and A 4 is the highest, approximately 450 K, because each electron is stimulated to transfer to subband A 4 by the external electric field, but the QCL outputs no optical radiation. Most of the energy is devoted to transferring the electron from the ground state to the high-k state through the intraband transition, which increases the electron temperature. Conversely, electron transfer from subband A 3 to subband A 2 by electron-phonon scattering decreases the electron temperature of subband A 3 , and electron transfer from subband A 2 to subband A 1 by electron-phonon scattering decreases the electron temperature of subband A 2 and increases the electron temperature of subband A 1 . Subbands A 5 -A 7 receive injections of energy, but the number of electrons is not large, so their electron temperature does not rise significantly. When the external electric field increases near the threshold, the electron temperature of each subband rises to 500-600 K, the trends are the same as those below threshold, and little difference appears between the electron temperatures of each subband. This result is attributed to the increase in energy injection as the external electric field increases combined with no output of optical radiation, so energy is mostly released as thermal energy, which increases the electron temperature. When the external electric field is above the threshold, the QCL begins to lase, and the electron temperature of subband A 4 decreases sharply because of the output of optical radiation. The electrons of other subbands remain at relatively high temperatures because there is no effective energy-release channel.
According to the electron temperature of each subband, we can obtain the electron distribution of each subband by solving the FREs. Fig. 5 shows the population concentration of each subband under different external electric fields when the lattice temperature is set to 300 K. When the QCL begins to inject current, the population of subbands A 1 -A 3 decreases, whereas the population of subbands A 4 -A 7 increases, because the external electric field forces electrons to transition from the low-energy subband to the high-energy subband. Upon increasing the external electric field, the populations of subbands A 1 and A 2 tend to be stable, and the injected energy makes the electrons transition from the ground state to the high-k state, which increases the electron temperature. The population inversion between the two laser subbands A 3 and A 4 occurs under the external electric field. After the QCL begins to lase, the populations tends to be stable, because electrons in subband A 3 transit from the ground state to the high-k state, and electrons in subband A 4 transit from the high-k state to the ground state by releasing optical radiation. Energy balance is thus reflected by the electron temperature. Subbands A 5 -A 7 increase gradually in electron temperature under an external electric field and stabilize after the QCL begins to lase. The electrons undergo intrasubband transitions to emit QCL radiation, and this process can be derived from the electron temperature of each subband.
As mentioned above, the electron temperature of each subband also affects the lifetime of the electron state. As a result, it also affects the optical gain of the laser. Fig. 6 plots the optical gain as a function of the injection current density (with optical emission included in the simulation) for T e = T ei (open circles) and T e ࣔ T ei (solid circles), where T l = 300 K. The electron temperature leads to a decrease in laser gain before the laser gain is saturated. Gain saturation is due to stimulated optical emission. The effect of electron temperature of each subband leads to an increase in current density of almost 0.44 kA/cm 2 in the threshold compared with the case where each subband is assumed to have the same electron temperature. Similarly, as shown in inset (a) of Fig. 6 , the QCL threshold obtained from considering the electron temperature of each subband is more approximate than that obtained from the relationship between current density and external electric field. The QCL threshold is even lower when we assume the same electron temperature for each subband. The electron temperature of each subband can be used to optimize the simulated QCL. Comparing the simulation results with experimental results leads to the selection of the QCL optical emission state. Inset (b) of Fig. 6 shows that the QCL simulation and the experimental I-V curve have the same trend, with only about 50 mA of difference being found. The simulation and experimental results of the QCL I-V curves show the same trend, but a difference exists between the measured and simulated optical emission power because of the loss of the optical transition and the conversion efficiency of detection elements. We still find that, when considering the electron temperature of each subband, the simulation results accurately estimate the QCL characteristics.
Conclusion
In conclusion, the application of energy conservation to each QCL subband is the key to accurately determining the electron temperature of each subband. The particle swarm optimization algorithm gives the electron temperature of each subband at the same time and is sevenfold faster than the previous algorithm. By comparing the electron temperatures of each subband with the QCL at low temperature and at room temperature, we confirm the electron distribution and states of each subband. The lattice temperature has little effect on the electron distribution in the upper laser subband; it mainly influences the electron temperature of the lower laser subband and of subbands A 1 and A 2 . Comparing the electron temperature of each subband under different external electric fields shows that we can change the electron distribution, and in particular change the electron distribution in the lasing subband. Furthermore, we can calculate the gain and I-V curves of the QCL based on the electron temperature of each subband. Finally, by comparing the simulation results with experimental results, we find that considering the electron temperature of each subband leads to more accurate simulation results. This technology should facilitate more accurate studies of the characteristics of QCLs.
